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Abstract
Background and Aims Fine roots play a major role in
the global carbon cycle through respiration, exudation
and decomposition processes, but their dynamics are
poorly understood. Current estimates of root dynamics
have principally been observed in shallow soil horizons
(<1 m), and mainly in forest systems.We studied walnut
(Juglans regia×nigra L.) fine root dynamics in an ag-
roforestry system in a Mediterranean climate, with a
focus on deep soils (down to 5 m), and root dynamics
throughout the year.
Methods Sixteen minirhizotron tubes were installed in a
soil pit, at depths of 0.0–0.7, 1.0–1.7, 2.5–3.2 and 4.0–
4.7 m and at two distances from the nearest trees (2 and
5m). Fine root (diameter≤2mm) dynamics were record-
ed across three diameter classes every 3 weeks for 1 year
to determine their phenology and turnover in relation to
soil depth, root diameter and distance from the tree row.
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Results Deep (>2.5 m) root growth occurred at two
distinct periods, at bud break in spring and throughout
the winter i.e., after leaf fall. In contrast, shallow roots
grew mainly during the spring-summer period.
Maximum root elongation rates ranged from 1 to
2 cm day−1 depending on soil depth.Most root mortality
occurred in upper soil layers whereas only 10 % of fine
roots below 4 m died over the study period. Fine root
lifespan was longer in thicker and in deeper roots with
the lifespan of the thinnest roots (0.0–0.5 mm) increas-
ing from 129 days in the topsoil to 190 at depths>2.5 m.
Conclusions The unexpected growth of very deep fine
roots during the winter months, which is unusual for a
deciduous tree species, suggests that deep and shallow
roots share different physiological strategies and that
current estimates based on the shortest root growth
periods (i.e., during spring and summer) may be
underestimating root production. Although high fine
root turnover rates might partially result from the
minirhizotron approach used, our results help gain in-
sight into some of the factors driving soil organic carbon
content.
Keywords Alleycropping .Juglans .Deep rootgrowth .
Root elongation rate . Root mortality . Root turnover
Introduction
Tree growth is highly dependent on the absorptive func-
tion of fine roots (diameter≤2 mm) for water and nutri-
ents (Leuschner 1998; Hinsinger 2001). Fine roots also
play a major role in the global carbon (C) cycle, mainly
through production, respiration, exudation and decom-
position processes (McClaugherty and Aber 1982;
Desrochers et al. 2002; Berg and McClaugherty 2008;
Strand et al. 2008). Fine roots generate a return of C to
the atmosphere through decomposition and respiration
processes, but conversely represent a significant C input
to the soil by the incorporation of dead root material and
exudates (Balesdent and Balabane 1996; Kuzyakov and
Domanski 2000). Fine roots therefore have a significant
impact on soil C sequestration (Matamala et al. 2003;
Rasse et al. 2005). that could be especially relevant in
deep soil layers (Kell 2012). Several studies have shown
that root lifespan generally increases with soil depth
(Hendrick and Pregitzer 1996; Baddeley and Watson
2005). root order (Eissenstat and Yanai 1997; Guo
et al. 2008a,b) and root diameter (Wells and Eissenstat
2001; Joslin et al. 2006). However, shallow soils are
common in temperate forests and most of the studies
dealing with fine root dynamics have been performed in
relatively shallow soil horizons (<1 m) (Hendrick and
Pregitzer 1993; Brunner et al. 2013). Root dynamics
below a depth of 1 m still remain poorly studied despite
their crucial role for supplying water to plants during dry
periods (Maeght et al. 2013; Tian and Doerner 2013;
Binkley 2015) and their possible influence on C seques-
tration (Rasse et al. 2005; Maeght et al. 2013).
Silvoarable agroforestry systems are simultaneous or
sequential associations of woody perennial species and
crop production systems in the same area (Somarriba
1992; Torquebiau 2000). In addition to maintaining a
high agricultural production (Clough et al. 2011; Dupraz
and Liagre, 2008). agroforestry systems provide many
ecosystem services, e.g., biodiversity enhancement rela-
tive to intensive agriculture (Varah et al. 2013). protection
against soil erosion (Young 1997) andmight contribute to
buffering climate change through high C sequestration
capacities (Oelbermann et al. 2004; Lorenz and Lal
2014). However, the belowground component of agro-
forestry systems still remains poorly understood (Mulia
et al. 2010). This lack of knowledge is particularly
important for root dynamics since, to our knowledge,
only a few studies have been performed in these systems
(Schroth and Zech 1995; Livesley et al. 2000;Muñoz and
Beer 2001) and data on root dynamics at depths>2 m are
extremely scarce (Richter and Billings 2015).
In tree-based intercropping systems, trees are usually
grown at low densities (30 to 200 trees ha−1) to mini-
mize direct competition with the intercrop for natural
resources (light, water, nutrients). Competition with
neighbouring trees is therefore low in agroforestry sys-
tems compared to trees growing in denser forest ecosys-
tems (Khan and Chaudhry 2007). Besides genetic fac-
tors and climatic conditions, the growth rate of a given
tree species depends mainly on its capacity to explore
the soil volume and extract soil resources (mainly water
and nutrients) through its roots (Tian and Doerner
2013). In low competition systems, as is the case for
agroforestry systems, root exploration is maximized and
thus tree growth is also maximized in respect to forest
trees, explaining why some authors have found faster
growing rates in trees from agroforestry systems com-
pared to trees from plantation forests (Balandier and
Dupraz 1999; Chaudhry et al. 2003; Gavaland and
Burnel 2005). In forest systems, it has been found that
root elongation rates are directly related to tree growth
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(Graefe et al. 2008). We would therefore expect greater
root elongation rates in agroforestry stands.
Little is known about the seasonality of fine root
phenology as a function of soil depth and resource avail-
ability. Generally, root production is synchronized with
leaf production (Burke and Raynal 1994; McCormack
et al. 2014). but this is not always the case and root
production may be decoupled from leaf production in
some tree species (McCormack et al. 2015). In
Mediterranean ecosystems, with a relatively long
drought period during the summer, root growth in shal-
low soil layers can be very constrained (López et al.
1998). In these ecosystems, leaf production occurs main-
ly during the spring when water availability is high
(Dufour et al. 2013). Fine root elongation rates and
lifespan are diretly dependent on soil water availability
and temperature (Gill and Jackson 2000). and thus sub-
ject to seasonal variations in these variables (e.g., drought
periods) and on variations with soil depth (Mainiero and
Kazda 2006; Meier and Leuschner 2008). Since leaf
production in Mediterranean deciduous species takes
place during the spring (Dufour et al. 2013). we expect
that root and leaf production would be in synchrony with
a peak production in spring. We would then expect a
winter rest period in the belowground compartment as
found in the aerial compartment (Dufour et al. 2013).
Recent studies have shown that temporal patterns of
soil resource availability and competition may shape
root turnover rates (Majdi et al. 2005; McCormack and
Guo 2014). Due to their specific phenology and devel-
opment, winter crops take up water and nutrients before
bud break occurs in trees in late spring (Burgess et al.
2004; Dufour et al., 2013). Topsoil layers are therefore
commonly impoverished with regard to water and nu-
trients, forcing agroforestry trees to develop deep root
systems (Mulia and Dupraz 2006; Dupraz and Liagre
2008; Cardinael et al. 2015a). It has also been shown
that nitrogen (N) fertilization, a common practice in
agroforestry systems, decreases the lifespan of shallow
fine roots (McCormack and Guo 2014). Additionally,
environmental conditions such as soil moisture and
temperature are buffered in deep soil layers, fluctuating
less at daily and seasonal scales, usually resulting in
lower fine root turnover rates (Baddeley and Watson
2005; Anderson et al. 2003). We therefore hypothesize
that tree fine roots growing at similar depths to crop
roots would have a shorter lifespan than deeper tree
roots, due to both the competition with crop roots and
more fluctuating environmental conditions.
The root distance to the tree trunk is another potential
factor influencing root dynamics. The most distal lateral
roots usually have the highest rates of metabolism, i.e.,
the highest rates of respiration, commonly associated to
short lifespans (Pregitzer et al. 1998; Pregitzer et al.
2002; Xia et al. 2010). However, very few studies have
compared whether fine root phenology and turnover
rates are different in roots growing close to and far away
from the tree trunk. Photosynthates have to be
transported a longer distance to reach roots far from
the trunk. Considering long-distance C transport theory,
based on the transport-resistance model (Minchin and
Lacointe, 2005). we hypothesize that over 1 year,
growth would be initiated in roots near the trunk, but
that these same roots would die last.
Using a large and deep (4 m) soil pit and the
minirhizotron technique, we quantified tree fine root
dynamics in a Mediterranean agroforestry system,
where hybrid walnut (Juglans regia×nigra L.) trees
are grown intercropped with durum wheat (Triticum
turgidum L. subsp. durum). Our objectives were to
examine the phenology and elongation and turnover
rates of walnut fine roots and to estimate the influence
of soil depth, root diameter and distance to the trunk of
nearby trees. We hypothesize that i) fine root turnover
rates and mortality are lower in deep soil layers com-
pared to top soil layers and decrease with increasing root
diameter, ii) fine root mortality would be initiated far
from the trees and would be higher than that close to the
trees, and iii) fine root dynamics are in synchrony with
leaf growth peaking in late spring and are arrested
during the dry months and in autumn and winter after
leaf fall.
Materials and methods
Study site
Measurements were conducted at the Restinclières farm
estate, located 15 km north of Montpellier, France (lon-
gitude 4°01′E, latitude 43°43′N, 54 m a.s.l.). The cli-
mate is sub-humid Mediterranean with an average an-
nual rainfall of 873 mm (mean from 1995 to 2013),
which is lowest in July and highest in September to
December. The mean annual temperature (mean from
1995 to 2013) is 15.4 °C, with a maximum monthly
mean in July (24.9 °C), and minimum in January
(7.1 °C) (Fig. S1). The soil is a silty clay (25 % clay
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and 60 % silt) deep alluvial fluvisol (IUSS Working
Group WRB 2007) and the average pH is 8.0 (Dupraz
et al., 1999).
The study site is an alley-cropping plot where hybrid
walnut trees (Juglans regia×nigra cv. NG23) were
planted in parallel east–west oriented tree rows spaced
at 13 m. Trees were planted every 4 m along the tree
rows. In the inter-rows, crops are planted 1 m away from
the tree trunks so that cropped inter-rows are 11 m in
width. All walnut trees were planted in 1995 at an initial
density of 192 trees ha−1, and were thinned to the actual
96 trees ha−1 in 2004. The associated crop is mainly
durum wheat (Triticum turgidum L. subsp. durum).
However, rapeseed (Brassica napus L.) was also culti-
vated in 1998, 2001 and 2006, and pea (Pisum sativum
L.) in 2010. The soil is either ploughed to a depth of
0.2 m or surface tilled with disks before sowing, and the
crop is fertilized with an average of 120 kg N ha−1
year−1.
Opening of the deep pit
In March 2012, a pit 5 m (length)×1.5 m (width)×4 m
(depth) was dug perpendicular to the tree rows, starting
close to the tree row and ending in the middle of the
inter-row (Cardinael et al. 2015a). This pit was located
between two walnut trees belonging to the same tree
row (Fig. 1). Trees were 13.80 and 11.70 m tall and had
a diameter at breast height (DBH) of 26.1 and 30.5 cm,
respectively. In order to reduce potential disturbances of
the root-soil system and soil collapse, a wooden frame
was set up on the walls of the whole pit, at the end of the
digging phase. Whenever large gaps between soil and
the wooden planks were found, these were filled with
the original soil of the site and depth. The pit was
covered by a light-coloured metallic roof, which
prevented both radiation and rain from entering the pit.
The rain pooling on the roof was evacuated laterally
(5 m away from the pit) through gutters pipes in order to
avoid excess water ponding around the pit.
Minirhizotron set up and monitoring of root dynamics
Fine root (diameter<2 mm) dynamics were studied
using the minirhizotron technique (Majdi et al. 2001;
Tierney and Fahey 2001; Withington et al. 2003). In
June 2012, 16 transparent polyvinylchloride tubes
(105 cm in length and 7.6 cm in diameter) were installed
into the lateral pit walls using a drill, at depths of 0.0,
1.0, 2.5 and 4.0 m.Wooden plankswere cut as closely as
possible, to fit around the tubes and avoid soil evapora-
tion. Eight tubes were located at a distance of 2 m from
the trees and eight additional tubes at 5 m, in the middle
of the inter-row (Fig. 1). Tubes were inserted with a 45°
degree angle, and thus reached a depth of 0.7 m below
the depth at which they were installed. All the tubes
located at a distance of 2 m and 5 m from the trees were
in the inter-row and therefore experienced the same
cultural practices. Herbicides were not applied in the
inter-row over the study period. Even if measurements
of root growth in minirhizotrons are likely to be biased
due to the disturbance of intact soils (Strand et al. 2008).
minirhizotrons are the most commonly used devices to
measure root dynamics because they allow direct, con-
tinuous, non-destructive in situ observations. Fine roots
were monitored from the first month after minirhizotron
installation. Nevertheless, as a precaution and to allow
for a stabilization period following the soil disturbance
associated with the installation, the root dynamics data
in the first 2 months after minirhizotron installation were
excluded from analyses, (Graefe et al. 2008). We en-
sured this stabilization period was long enough by com-
paring results from these minirhizotrons with results
from previously installed minirhizotrons in the site
(see below).
Outside the pit, six other minirhizotrons were
installed in November 2011 in the same plot, i.e.,
6 months before those installed inside the pit (8 months
before the first scan), and measurements were carried
out over a 19 month period (from January 2012 to July
2013). Minirhizotrons were set up in the tree row at a
distance of 2.3 m from the trunk and down to a depth
0.7 m close to three representative trees (two tubes per
tree). Results of root elongation rates from these
minirhizotrons are presented in supplementary material
(Fig. S2), and were used to check if root growth ob-
served around 0.0–0.7 m tubes in the pit (2 months of
stabilization), was similar to that observed around these
tubes (8 months of stabilization).
Root dynamics were recorded using a scanner system
(CI-600 Root Growth Monitoring System, CID, USA).
Five images (21.59 cm×19.56 cm) per tube were taken
every 3 weeks during a one year period (from August
2012 to August 2013).
In April 2013, eight volumetric soil moisture sensors
(Campbell CS 616) and eight temperature sensors
(Campbell 107) were installed in the pit near the
minirhizotrons tubes at four depths (0.5 m, 1.2 m, 3 m
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and 4m) and at two distances from the tree row (2m and
5 m). Holes made within the wooden planks to insert
moisture and temperature probes were sealed up around
the cable with adhesive sealant to avoid soil water
evaporation. Soil temperature and volumetric moisture
were recorded every hour using a Campbell dataloger
(CR1000).
Root digitizing and image analysis
Root images were analysed using the WinRHIZO Tron
software (Régent, Canada) to trace roots while marking
their length and diameter (Graefe et al. 2008). For the
analysis, only walnut roots were digitized, and were
given unique identification numbers. It was easy to
distinguish walnut roots from durum wheat roots based
on morphological characteristics. Walnut roots are
cream coloured during the first days of growth, before
turning black, and have few absorbent root hairs. Lateral
branches are perpendicular and the tip of their apex is
yellowish-brown.
Before analysing a new dataset, the most recent im-
ages were superimposed with those from the previous
dataset to characterize the evolution of the traced roots
and report their new characteristics and state: Blive^ if
they had lengthened or remained cream in colour, Bdead^
if they were dead or presented obvious signs of decay
(shrivelled, transparent, faint, or turning black), or Bnew^
if they were observed for the first time (Cheng et al. 1991;
Satomura et al. 2007). To check the dead status of roots,
successive images recorded in later periods were
analysed on the same location of the tube to ensure they
remained black and no growth occurred. For all images,
root diameter (mm), the length (mm) of live and dead
roots, and appearance of every new root were recorded.
Root length production and mortality
The following metrics were used to describe root length
production and mortality:
(i) live length production (LLPt-1,t, in cm m
−2) and
dead length loss (DLLt-1,t, in cm m
−2) through
Fig. 1 Experimental setup showing the observation pit with the position of the 16 minirhizotrons tubes depending on soil depth and the
distance to the nearest tree
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mortality, were defined as the length of live or
dead fine roots during a given time period from
t−1 to t (where t is the time of root inventory)
per unit of observed soil area (A, in m2), respec-
tively:
LLPt−1;t or DLLt−1;t
  ¼
XN
n¼1
ln;t−ln;t−1
A
ð1Þ
where, ln,t-1 and ln,t are the length of the live (or
dead) root n at inventory time t−1 and t, respec-
tively; n ϵ [1, N], N is total number of live (or
dead) roots included for calculating live or dead
length loss; A is unit of observed soil area
through scanned images.
(ii) Cumulative live length production (CLLPt-1,t, in
cm m−2) and cumulative dead length loss
(CDLLt-1,t, in cm m
−2) were defined as the total
length of live or dead roots until the time peri-
od T, respectively (Hendrick and Pregitzer
1996; Majdi and Andersson 2005; Graefe
et al. 2008):
CLLPT or CDLLTð Þ ¼
XT
t¼1
LLPt−1;t or DLLt−1;t
  ð2Þ
(iii) By subtracting CLLPt-1,t and CDLLt-1,t, we obtain-
ed the net root production over a time period T
(NRPT, in cm m
−2).
NRPT ¼ CLLPT−CDLLT ð3Þ
(iv) To estimate the number of roots that died (DNt-
1,t, in No. of roots m
−2) during a given time
interval, the difference in the number of dead
roots between t and t−1 was calculated
(Withington et al. 2003) and standardized per
unit soil area A.
DNt−1;t ¼
DNt−DNt−1
A
ð4Þ
where, DNt-1 and DNt are the number of dead
roots at inventory time t−1 and t, respectively.
Individual root growth was evaluated by
calculating the difference between the root
length at t−1 and at t. To determine the daily
root elongation rate (RER) (cm day−1), the
mean of all individual root lengths produced
between time t and t−1 was divided by the
duration of the corresponding period:
RERt−1;t ¼
1
N
XN
n¼1
ln;t−ln;t−1
pt−1;t
ð5Þ
where, RERt-1,t is the average daily root elon-
gation rate (in cm d−1); ln,t-1 and ln,t are the
length of the root n at inventory time t−1 and t,
respectively; n ϵ [1, N]; N is total number of
roots included for calculating average daily
RER; pt-1,t is the period between inventory
time t−1 and t (d).
All these variables were calculated for each
root diameter class (0.0–0.5 mm; 0.5–1.5 mm;
1.5–2.0 mm), distance to tree trunk (proximal:
2 m and distal: 5 m) and soil depth (0.0–0.7 m,
1.0–1.7 m, 2.5–3.2 m and 4.0–4.7 m).
Mean soil temperature and volumetric mois-
ture at t was calculated as the mean of the
temperature and volumetric moisture between
t and t−1. Soil temperature and volumetric
moisture were only measured simultaneously
with the image acquisition for 5 months.
Root lifespan and turnover
Individual root lifespan was calculated as the number of
days between the first observation of the root (birth date)
and the day it was declared dead (Anderson et al. 2003;
Graefe et al. 2008). Median lifespan (MLS, days) of fine
roots was estimated as the median of elapsed time
between root initiation and death. Turnover (year−1)
was calculated as the inverse of median lifespan:
T ¼ 365
MLS
ð6Þ
where T is the renewal rate (y−1); MLS is the median
lifespan (d)
We used the non-parametric Kaplan-Meier method to
determine the survivorship rate (S) of roots that were
growing over a given period of time (Majdi et al. 2001;
Tierney and Fahey 2001). as well as the MLS (Goel
et al. 2010; Crawley 2012). Each individual root had an
equal weight and was classified as still live (censored,
not dead yet) or dead (uncensored) at the end of the
study. The hazard function estimated the probability for
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a root to die at time t, knowing that it was live at time t−1.
As a result, it could be considered as the instantaneous
probability of mortality (Anderson et al. 2003;
Withington et al. 2003; Majdi et al. 2005). The
Kaplan-Meier survivorship function is:
S ¼ Π
t<T
r tð Þ−d tð Þ
r tð Þ
where, r(t) is the number of roots still live at time t (those
that have not yet died); d(t) is the number of dead roots
at time t; T is the whole period of the root monitoring
time.
We used the semi-parametric Cox Proportional
Hazard Model (Cox 1972) to analyse the effects of
different factors on root dynamics during the growing
span (Wells and Eissenstat, 2001). This model assumes
that the hazard of mortality of a root i at time period t
(noted as hi(t)) is a multiple of a baseline hazard (noted
as h0(t)) and an exponential linear function of a group of
k covariates:
hi tð Þ ¼ h0 tð Þeβ1xi;1þβ2xi;2þ⋯þβk xi;k ð8Þ
The factors acting as co-variables include distance to
tree trunk, soil depth and root diameter class. The Cox’s
proportional hazards regression approach was validated
(p<0.05) by pooling the depth classes in two subsets, in
order to increase the number of data in each diameter
class: 0.0–0.7 m with 1.0–1.7 m and 2.5–3.2 m with
4.0–4.7 m.
Data processing
Separate generalized linear models (GLM) were used
with RER, NRP or CDLL as the dependent variables,
and root diameter, soil depth and distance to tree trunk
as independent factors and all interactions between fac-
tors. We used each minirhizotron tube as a single repli-
cate (i.e., n=4 for each depth). To account for the non-
independency among the four tubes within a single
depth (e.g., 20 cm), we included a covariance matrix
(corMatrix function in R software) into the GLM. A
Shapiro-Wilk test was performed before each GLM to
guarantee that the investigated indicator followed a nor-
mal or quasi-normal distribution. Homogeneity of vari-
ances was checked and a log-transformation used when
data did not comply with normality of the residuals in
the model. These analyses were followed by a one-way
analysis of variance (ANOVA) for each factor. Post-hoc
differences between root diameters were analysed using
Tukey’s post-hoc Honest Significant Difference (HSD)
test at p<0.05. To analyse the effects of soil depth and
root diameter on root survivorship we used the Kaplan-
Meier and Cox Proportional Hazard methods using the
‘Survival’ package in R (Therneau 2014). Wilcoxon
tests were used to determine significance in root survi-
vorship and lifespan.
All calculations and analyses were performed using
the R software, Version 2.15.3 (R Development Core
Team 2013).
Results
Influence of soil depth and distance to tree trunk on fine
root phenology
Two distinct periods of root growth were observed
(Figs. 2 and 3a), one during the winter period
(November-January) and one during late spring and
early summer (April-August). Winter growth was dom-
inated by deep roots (>2.5 m), whereas summer growth
occurred at all soil depths but was highest in the upper
soil horizons. In spring 2013, root growth initiated in
April in the topsoil layers (0.0–0.7 m) and in May at a
depth of 1.0–1.7 m. However, in deeper layers (2.5–
3.2 m and at 4.0–4.7 m) root growth did not start until
2 months later, in June (Fig. 2). Root growth in the upper
soil layers (0.0–0.7 m and 1.0–1.7 m) was in synchrony
with leaf growth as 50 % and 100 % of the bud burst
took place in April and May, respectively. The intensity
(measured as the maximum RER) and the duration of
the root growth period also differed with soil depth;
growth flushes were more intense and of shorter dura-
tion in the top 0.7 m than at 4.0–4.7 m (significant depth
effect; F=4.14, P=0.007; Table 1). In topsoil layers
(0.0–0.7 m), RER started to decrease before the winter
period and almost ceased in winter. In deep soils (4.0–
4.7 m), the maximum RER (>1.3 cm day−1) was ob-
served in November after leaf fall. In spring, the maxi-
mum RER occurred in topsoil layers (0.0–0.7 m)
reaching 1.8 cm day−1 (Fig. 2). Mean RER per depth
are presented in Table 2.
There was no significant effect (F=1.72, P=0.19) of
distance to tree trunk on RER (Table 1) but the interac-
tion between soil depth and distance to tree trunk was
highly significant (F=4.40, P=0.005) (Table 1).
Although root growth tended to occur mainly close to
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Fig. 2 Mean daily root elongation rate (RER, cm day−1) in the
0.0–0.7 m, 1.0–1.7 m, 2.5–3.2 m and 4.0–4.7 m soil layers from
August 2012 to August 2013. Vertical arrows indicate when 50 %
and 100 % of bud burst and leaf fall were observed in Juglans
regia tree branches. Vertical bars represent standard deviations
(not shown when smaller than the symbol size)
Fig. 3 Net fine root production
(NRP, cmm−2) fromAugust 2012
to August 2013 a) in the 0.0–
0.7 m, 1.0–1.7 m, 2.5–3.2 m and
4.0–4.7 m soil layers, b) and
cumulative dead length loss
(CDLL, cm m−2) in the same soil
layers
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the tree than further away from it (Fig. 4 a,b) and in
shallow layers (0.0–0.7 m). Root growth started in April
in distal roots but in proximal roots it occurred 1 month
later, in May, which was not the case in deeper roots.
Effect of depth and distance to tree trunk on fine root
mortality
Root mortality (CDLL) and root production (CLLP)
followed a similar pattern to RER (Fig. 3b). There
was a significant effect (F=71.49, P<0.001) of soil
depth on CDLL (Table 1). Two distinct periods of
fine root mortality were observed in the topmost
layer (<0.7 m), one in the winter and one in the
summer but for deep roots, no preferential period of
mortality was observed.. Mortality was thus concen-
trated near the soil surface (0–0.7 m), whereas roots
below 1 m contributed relatively little to the total
length of dead roots (Fig. 3b). The cumulative dead
root length and number of dead roots in the 0.0–
0.7 m soil horizon represented more than 60 % of
the total dead root length and the total number of
dead roots throughout the year of the study (Table 2).
Nearly 80 % of all fine roots produced at a depth of
0.0–0.7 m were dead by the end of the study whereas
only 10 % were dead at 4.0–4.7 m.
No significant relationship (F=0.98, P=0.32) was
found between CDLL and distance to the tree
(Table 1). However, the interaction between soil depth
and distance to the tree on CDLL was significant (F=
25.62, P=< 0.001) (Table 1). Far from the tree (5 m), a
period of high mortality was observed from October to
December (Fig. 4d). In contrast, in proximal roots, at a
distance of 2 m from the tree trunk, no root mortality
was observed within the same period (Fig. 4c) and in
proximal roots mortality started in June (Fig. 4c).
Finally, similar amounts of dead root lengths occurred
2 and 5 m away from the trees.
Table 1 ANOVA on the GLM model for root elongation rate (RER), cumulative net root production (CNRP) and cumulative dead length
loss (CDLL) as a function of the fine root diameter, soil depth, distance to the tree, and interactions between factors
RER CNRP CDLL
F-value Pr(>F) F-value Pr(>F) F-value Pr(>F)
Diameter 64.65 <0.001*** 155.77 <0.001*** 64.34 <0.001***
Depth 4.14 0.007 ** 26.73 <0.001*** 71.49 <0.001***
Distance 1.72 0.19 0.15 0.70 0.98 0.32
Diameter×Depth 2.84 0.01** 13.27 <0.001*** 27.34 <0.001***
Diameter×Distance 0.32 0.72 1.28 0.28 4.91 0.008**
Depth×Distance 4.40 0.005** 13.77 <0.001*** 25.62 <0.001***
Asterisks indicate significance levels where * P=0.05, ** P=0.01 and *** P <0.001
Table 2 Cumulative live length production (CLLP) and cumula-
tive dead length loss (CDLL) over 1 year estimated per class of
depth, % of root length produced in each soil layer relative to the
total root length produced, % of the total root length mortality per
each soil layer and total number of roots per m2 of minirhizotron
tube. Mean root elongation rates (RER, cm day−1) were calculated
over 1 year in each soil layer
Root measurements Soil Depth (m)
0.0–0.7 1.0–1.7 2.5–3.2 4.0–4.7
CLLP (cm m−2) 228 145 150 198
CDLL (cm m−2) 162 18 33 19
% in each soil layer of the total root length produced over 1 year 31.7 20.1 20.7 27.5
% of root mortality 70 12 22 10
Mean RER over 1 year (cm day−1) 0.46±0.59 0.34±0.52 0.40±0.36 0.46±0.34
N (total number of roots per m2 of minirhizotron tube appeared over 1 year) 387 133 164 218
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Effect of root diameter and soil edaphic conditions
on root elongation rates
A significant effect of root diameter class (F=64.65, P<
0.001) and soil depth (F=2.84, P=0.01) on RER was
found (Table 1). The finest roots (0.0–0.5 mm) had a
growth peak in spring with a maximum elongation rate
of 0.3 cm day−1 in June. These very fine roots were the
first to appear and also the first to die (Fig. 5). Roots
with a diameter between 0.5 and 1.5 mm flushed
1 month later at all soil depths (Fig. 5b). This diameter
class contributed the most to elongation rate estimates,
as it included the majority of fine roots. Fine roots with a
diameter between 1.5 and 2.0 mm started to grow in
October for the winter flush and in June for the summer
flush. At depths greater than 1 m, this fine root growth
occurred 1 month after that of fine roots with a diameter
0.5–1.5 mm. For all diameter classes, fine root elonga-
tion was delayed by 1month between the topsoil and the
deeper horizons.
There was a positive relationship (r2=0.86, F=
121, P<0.001) between RER and mean soil temper-
ature (Fig. 6). A weaker, but significant negative
effect of soil volumetric humidity on RER was found
(r2=0.39, F=13, P=0.002). The interaction between
soil temperature and volumetric moisture was not
significant. Soil moisture measurements were not
recorded during the first summer dry period of the
study year (August-September 2012). There were not
enough data to separate the effects of depth and
distance to tree from the soil temperature or volumet-
ric humidity on RER.
Fine root turnover as a function of root diameter class
and soil depth
Median root lifespan estimates differed between root
diameter classes (Fig. 7). The survival probability
estimated with these approaches was not smooth but
followed a series of steps due to the predictive model
(Fig. 7). Root diameter, soil depth and their interac-
tion had a significant influence on CDLL (Table 1).
The survival probability of extremely fine roots (0.0–
0.5 mm) decreased faster over time than that of roots
within the other diameter classes (0.5–1.5 mm and
1.5–2.0 mm; Fig. 7a). No roots survived longer than
the 1-year study period. After 350 days, fine roots
had an estimated survival probability of 0 % regard-
less of their diameter class (Fig. 7a). Fine root median
lifespan increased with increasing diameter class and
Fig. 4 Mean daily root elongation rate (RER, cm day−1) from
August 2012 to August 2013 in the 0.0–0.7 m, 1.0–1.7 m, 2.5–
3.2 m and 4.0–4.7 m soils layers at a distance of a) 2 m from the
nearest trees, and at b) 5 m from the nearest trees. Cumulative dead
length loss (CDLL, cm m−2) for each soil depth at a distance of c)
2 m from the nearest tree, and d) 5 m from the nearest tree. Vertical
bars represent standard deviations (not shown when smaller than
the symbol size)
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was estimated in the range of 142–243 days
(Table 3). Fine root turnover significantly decreased
with increasing diameter and was estimated in the
range 1.5–2.6 years−1.
Deep roots lived longer (2.5 months on average) than
shallow roots and fine root turnover averaged 2.2 and
1.8 years−1, for the depths 0.0–1.7 m and 2.5–4.7 m,
respectively (Table 3).Within the same diameter classes,
deep roots always had a significantly longer lifespan
compared to shallow roots (Table 4).
There was an effect of soil depth on the survival
probability of fine roots (Fig. 7b). The survival proba-
bility was high (>80 %) at all depths during the first
month but then started to differ between soil depths
(Fig. 7b). After 150 days, fine roots in upper soil hori-
zons had a 30 % lower survival probability than roots
from deeper soils (50 % versus 80 % respectively).
These differences disappeared after 200 days as survival
probability at all depths dropped to nearly 0 % after
350 days (Fig. 7b).
Discussion
Our results showed that, surprisingly, root growth oc-
curred deep in the soil during the autumn and winter
months after leaf fall had taken place and that consistent
differences in RER and survival were found between
Fig. 5 Mean daily root elongation rate (RER, cm day−1) from
August 2012 to August 2013 in the 0.0–0.7 m, 1.0–1.7 m, 2.5–
3.2 m and 4.0–4.7 m soil layers for roots with a diameter between
a) 0.0–0.5 mm, between b) 0.5–1.5 mm, and c) 1.5–2.0 mm.
Vertical bars represent standard deviations (not shownwhen small-
er than the symbol size)
Fig. 6 Relationship between daily root elongation rates (RER, cm
day−1) and daily soil temperatures (°C)
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soil depths. We also demonstrate major differences in
root turnover and survival rates between fine root diam-
eter classes, as commonly reported in forest ecosystems,
which suggests that the longevity of fine roots in agro-
forestry systems is also dependent on their functional
role (Guo et al. 2008b).
Key role of deep roots
Deep roots, and in particular deep fine roots, are crucial
organs for plant growth and survival especially in
Mediterranean ecosystems, as they can provide a reli-
able source of water to the tree during the drought period
(Padilla and Pugnaire 2007). While many studies in
temperate forests have shown that the majority of annual
fine root production occurs in the topsoil (Joslin and
Henderson 1987; Mao et al. 2013a,b). we demonstrated
that fine roots below a depth of 4 m can account for
more than one fourth of the total root production in the
whole soil profile (to a depth of 4.7 m). At the same site,
Cardinael et al. (2015a) found that 35% of total fine root
intersection density occurred below a depth of 2 m in the
spring. We also found a lower survivorship and higher
turnover rates of shallow roots compared to deep roots,
thus validating the first part of our first hypothesis.
Joslin and Henderson (1987) and Hendrick and
Pregitzer (1996) found similar results in a Quercus alba
L. forest and in a northern hardwoods forest, respective-
ly. Deep roots in our study had relatively high growth
rates and survival probabilities compared to roots in
shallow soil layers. Root longevity has also been found
to increase with soil depth down to 0.5 m, for Concord
grape (Vitis labruscana B., Anderson et al. 2003) and
down to 1.6 m for peach trees (Prunus persica L., Wells
et al. 2002). In shallow soil horizons, temperature and
moisture have larger fluctuations than deeper in the soil,
which was the case in our study, and this may affect root
lifespan (Gill and Jackson 2000; Hendricks et al. 2006;
McCormack and Guo 2014). In addition, walnut roots
may suffer from competition with the annual intercrop
in topsoil (Cardinael et al. 2015a, b). where dry
soil conditions might contribute to reduce the lifespan
of walnut roots. Thus, deep roots may act as a
more reliable and longer term C sink (Kell 2012). but
their impact on deep soil organic C has to be assessed in
Fig. 7 Root survivorship a) for each root diameter class (0.0–
0.5 mm, 0.5–1.5 mm and 1.5–2.0 mm), and b) each soil layer (0.0–
0.7 m and 2.5–4.7 m) from August 2012 to August 2013. Survi-
vorships were estimated using a proportional hazards regression.
See Table 1 for detailed statistical results
Table 3 Median lifespan of individual roots estimated using proportional hazard regressions per diameter class and soil layer. Standard
deviations are indicated. Different letters in the same line denote significant differences (p<0.05) between diameter classes or depth classes
Diameter classes (mm) Soil layer (m)
0.0–0.5 0.5–1.5 1.5–2.0 0.0–1.7 2.5–4.7
Median lifespan (days) 142±13.8 c 195±25.1 b 243±9.34 a 167±11.4 b 208±9.76 a
Turnover (year−1) 2.6 1.9 1.5 2.2 1.8
N (Number of roots) 640 2131 295 1769 1297
420 Plant Soil (2016) 401:409–426
the long term, as these roots are renewed more slowly
and have a lower density than shallow roots. At the same
site, Cardinael et al. (2015b) found that soil organic C
stocks were increased by 6 Mg C ha−1 to a depth of to
1 m in the agroforestry plot compared to an agricultural
plot, of which 75 % of this increase was located in the
top 0.3 m. Eighteen years after tree planting, no addi-
tional storage was found below 1 m in the agroforestry
plot, which may be due to a lower C input at depth than
in the topsoil, indicating the possibility that a longer
period may be required before being able to detect a
change in the organic C stock of deep soil horizons.
Root mortality influenced by distance to tree and root
diameter
Fine root turnover decreased with increasing root diam-
eter class, which fully confirms our first hypothesis.
This phenomenon has been observed for many species
(Gill and Jackson 2000; Majdi et al. 2001; Tierney and
Fahey 2001; Wells and Eissenstat 2001; Beyer et al.
2013). Trees likely preserve thicker fine roots because
they are essential for resource transport and are the
origin of thinner lateral roots, whose role is crucial in
the uptake of nutrients and water (Richter and Billings
2015). Roots differing in their functional role have
different turnover rates (Anderson et al. 2003) and
thicker roots usually have lower concentrations of N,
but higher concentrations of carbohydrate, lignin and
cellulose compared to thinner roots (Guo et al. 2004,
Prieto et al. 2015). Thicker roots are then more expen-
sive to construct in terms of C cost, and tree investment
is likely to favour long-term organs with a reduced
turnover (Eissenstat 1992).
Our second hypothesis was only partially confirmed,
as root mortality occurred earlier for distal roots
compared to proximal roots, but the rate of mortality
was lower closer to the tree. The earlier root mortality in
distal roots may be due to a lower photosynthate supply
from shoots situated at a long distance (Radin et al.
1978; Keel et al. 2012). Trees might not be able to
sustain photosynthate supply to these roots because
additional energy is required for such long distance
transport. Hence, root mortality is triggered earlier.
Unexpected fine root phenology
The observed synchronous growth of fine roots with leaf
growth in spring could reflect the need to meet the fast
growing demand for transpiration during leaf emer-
gence (Hendricks et al. 2006). There is still a lively
debate concerning the synchronism between the emer-
gence of leaves and fine roots: which appears first?
(Willaume and Pagès 2006; Chantereau et al. 2012;
McCormack et al. 2015). Our measurements at monthly
intervals are not frequent enough to accurately answer
our third hypothesis but our study suggests that root and
shoot production were in synchrony, since they occurred
within the same month. This synchronism however only
happened in topsoil layers, whereas root growth was
delayed in deeper soil layers indicating a degree of
asynchrony within the root system. We hypothesize that
this lag in root growth with increasing soil depth might
be due to a rapid exhaustion of the resources, especially
water, in topsoil layers, inducing tree roots to start
growing deeper in the soil to take up water and nutrients
(Richter and Billings 2015).
Our results were surprising in that RER was high in
deep soil layers during the winter months, i.e., after leaf
fall. Many previous studies (Hendrick and Pregitzer
1993; 1996) showed that fine root production in tem-
perate forest trees occurred mainly in spring and early
Table 4 Median lifespan of individual roots estimated using proportional hazard regressions per diameter class and soil layer. Standard
deviations are indicated. Different letters in the same line denote significant differences (p<0.05) between diameter classes and depth classes
Depth classes (m)
0–1.7 2.5–4.7
Diameter classes (mm) Diameter classes (mm)
0.0–0.5 0.5–1.5 1.5–2.0 0.0–0.5 0.5–1.5 1.5–2.0
Median lifespan (days) 129±9.85 a 175±15.6 b 221±6.45 e 190±6.38 c 207±14.7 d 255±4.66 f
Turnover (yr−1) 2.8 2.1 1.7 1.9 1.8 1.4
N (Number of roots) 451 1125 193 189 1006 101
Plant Soil (2016) 401:409–426 421
summer at all soil depths. Nonetheless, winter growth
was also reported for shallow roots in a similar study
performed in natural and managed forests in the French
Alps where shallow root growth occurred during the
winter in high altitude spruce (Picea abies L.) and fir
(Abies alba Mill.) dominated mixed forests (Mao et al.
2013b). Shallow root growth has also been observed
during the winter in grape plants (Vitis vinifera L.) in
Mediterranean southern France (Jourdan, unpublished
data) and in conifer species in Mediterranean ecosys-
tems (Leshem 1965,Waisel et al. 2002). In our study, we
report winter root growth also in deep soil layers, which
may be due to contrasting edaphic soil conditions, as
temperature and moisture were less variable in deep soil
than in the topsoil. Such stable environmental condi-
tions in deep soil layers may make root growth possible.
In Mediterranean ecosystems, the soil surface is usually
humid during the winter whereas in summer it becomes
very dry, preventing root growth (Leshem 1970; Waisel
et al. 2002). Although remobilization of non-structural
C (NSC) and nutrients stored in woody organs can be
essential for early leaf development in spring (Millard
and Grelet 2010). our results suggest that roots are able
to utilize local stores of NSC for fine root growth during
the winter. However, while both the favourable soil
conditions and adequate NSC stocks may well explain
the ability of trees to develop deep roots in winter, the
reason for which the trees develop these roots remains
unclear. We hypothesize that deep root growth in walnut
trees in winter is not driven by the need to provide water
or nutrients to shoots during this period, as it is a
deciduous species, but that it may be simply a conse-
quence of superfluous NSC plus favourable environ-
mental conditions. With this mechanism, trees could
extend their roots as far and deep as possible, which
can be interpreted as a biological strategy for maximiz-
ing their survivorship if environmental conditions
deteriorate.
Root elongation and environmental conditions
Walnut tree RER in our study was highly correlatedwith
soil temperature (Fig. 6) but the relationship between
RER and soil volumetric moisture was rather poor. The
high sensitivity of fine root growth to soil temperature
has been well documented in forest ecosystems under
boreal and temperate climates (Gill and Jackson 2000;
Hendricks et al. 2006; Mao et al. 2013a; McCormack
and Guo 2014) and seems to operate also in
Mediterranean agroforestry systems. Soil temperature
is likely to drive RER and root mortality through com-
plex mechanisms; in particular its influence on root
metabolic activity and nutrient mineralization rates
(Fornara et al. 2009). In our study, the soil temperature
never attained higher than 24 °C below a depth of 0.5 m
and therefore, never reached levels deleterious for root
growth (McCormack and Guo 2014). Although we
found a positive influence of soil temperature on RER,
temperature was highly influenced by soil depth
(Pregitzer et al. 2000) as was RER, making it difficult
to differentiate edaphic and temperature factors. Thus,
further experiments would be needed to disentangle the
specific effects of soil temperature and depth.
Surprisingly, the lack of a relationship with soil vol-
umetric moisture and root growth was in contrast to
previous s tudies in fores t ecosystems in a
Mediterranean climate (López et al. 1998; Misson
et al. 2006). These studies found that root growth was
less rapid under very dry conditions. At our study site, a
water table is present at a depth between 5 and 7 m and
soil volumetric moisture varied little during spring and
early summer months throughout the soil profile (data
not shown), except in the topsoil. However, soil volu-
metric moisture was only recorded between April and
July 2013 and not during the driest season (August-
September 2012). The availability of soil water content
during the study period may explain the lack of corre-
lation between RER and soil volumetric moisture.
High turnover rate
Fine root turnover estimates of walnut trees were be-
tween 1.4 and 2.8 years−1, i.e., higher than those com-
monly reported for forest ecosystems (Withington et al.
2003). According to similar studies in temperate forests,
fine root turnover was estimated at about 0.7 years−1
(Gill and Jackson 2000; Espeleta et al. 2009). However,
some studies on temperate tree species estimated fine
root turnover rates of similar magnitude than that found
in our study. Tierney and Fahey (2001) found a range
between 0.7 and 2.6 years−1 for sugar maple (Acer
saccharum Marsh.), American beech (Fagus
grandifolia Ehrh.) and yellow birch (Betula
alleghaniensis Britt.), all fast growing species.
McCormack and Guo (2014) found turnover rates be-
tween 0.5 and 2.5 years−1 for 12 temperate tree species
in USA, and Brunner et al. (2013). in their global review
of several European Fagus sylvatica forests, found that
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fine root turnover ranged from 0.2 to 2.9 years−1 (mea-
sured using a sequential coring method). The turnover
rates we measured were closer to those estimated in
tropical climates e.g., 1.3 and 1.8 years−1 for
Eucalyptus grandis W. in Brazil (Jourdan et al. 2008).
2.0 year−1 for Eucalyptus sp. in Congo (M’Bou et al.
2008) and more than 2.0 year−1 in several cloud forest
tree species in Venezuela (Graefe et al. 2008). Turnover
rates are usually faster in warm climates than cold
climates, because turnover is linked to root growth,
which is in turn driven largely by soil temperature.
Prerequisites and limits of the minirhizotron technique
The minirhizotron technique is considered as a reliable
approach to estimate fine root turnover and longevity
(Majdi et al. 2001; Hendricks et al. 2006). A stabiliza-
tion time is usually required to ensure that soil distur-
bance at the installation of the minirhizotrons does not
lead to a flush of fine roots which would over-estimate
normal root growth. For example, minirhizotrons stud-
ies initiated after 8–10 months of stabilization in tem-
perate forests (Hendricks et al. 2006) and after 5–
6 months of stabilization in tropical forests (Graefe
et al. 2008). Although the stabilization time was short
in our study (2 months between installation and the first
scan), the highest net fine root production (Fig. 3a) and
RER (Fig. 2) were measured during the spring, i.e.,
about 1 year after the installation of the minirhizotrons.
A flush of fine root production, which is characteristic
right after the installation of the tubes, was not observed
in the first months of monitoring. The reliability of our
results is demonstrated by a comparison with six other
minirhizotrons set up at the soil surface in the same
agroforestry plot 6 months before the installation of
the tubes in the deep pit. The comparison analysis
showed that median lifespans were not significantly
different for the six minirhizotrons installed 6 months
before and those obtained from measurements in our
study pit at the same depth (0.0–0.7 m), regardless of the
diameter class (Table S1). Flushes of fine root produc-
tion were synchronous between the six surface tubes
and the tubes in the pit at the same depth (Figure S2).
However, root production and RER were slightly lower
in the tubes installed 6 months before in the plot, com-
pared to those in the pit. Therefore, the stabilization
period may have quantitatively influenced fine root
production more than root phenology. Even though fine
root growth at the onset of the study period might have
been slightly overestimated, comparisons of root phe-
nology and mortality between soil layers are reliable
since all the tubes inside the deep pit were installed
simultaneously at all depths. Measurements are still
ongoing and in the future they should allow us to deter-
mine patterns of root dynamics over a period of several
years and allow us to link together root decomposition,
respiration and nutrient and water uptake.
Implications for agroforestry management and growth
models
Hybrid walnut trees in an agroforestry system under
Mediterranean conditions revealed an unexpected func-
tioning of fine roots. The rapid fine root turnover in the
topsoil and the fine root growth in deep soil layers in the
winter may reflect high tree plasticity in response to the
heterogeneity of soil conditions. In Mediterranean agro-
forestry systems, competition with the intercrops in-
duces extremely variable soil conditions throughout
the year, forcing the tree roots to explore and tap deeper
layers (Mulia and Dupraz 2006; Cardinael et al., 2015a).
Establishing deep root systems will also help agrofor-
estry trees to withstand long or intense summer
droughts, which are expected to increase in the future
in the Mediterranean region (Solomon et al. 2009).
Among the ecosystem services that are expected
from temperate agroforestry systems, two depend on
the rooting patterns and dynamics that we show in this
study. Active fine roots in deep soil horizons in the
winter may be effective at capturing N leached below
the rooting zone of the annual crops by the autumn and
winter rains. This process will aid the control of envi-
ronmental pollution from N (Bergeron et al. 2011; Tully
et al. 2012; Andrianarisoa et al., 2015). Regarding C
sequestration in the soil, the fate of deep roots is of high
significance. A lower turnover rate of fine roots in deep
horizons compared to the topsoil would reduce the
amount of C potentially sequestered, while the low
mineralization rate in deep soil layers would increase
the potential sequestration. The balance between the two
processes needs a careful appraisal. Process-based
models of ecosystem functioning also need to be
modified to take into account these patterns of fine root
phenology and turnover (Mulia et al., 2010). The Hi-
sAFe model of tree-crop interactions in agroforestry
(Talbot et al., 2014) includes a 3D opportunistic tree
root growth module. In this model, root phenology was
so far assumed to be totally synchronous with leaf
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expansion, and root turnover was assumed to be inde-
pendent of the distance to tree trunk and the soil layer
depth. Such hypotheses would need to be modified to
comply with the findings of this study, and may result in
a very different fate of the tree-crop system as a whole.
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